Introduction
Vitamin E was discovered because it is critical during pregnancy to prevent fetal resorption in rodents (1) .
We have used zebrafish to characterize molecular consequences of vitamin E deficiency because zebrafish require dietary α-tocopherol, especially during embryonic development (2) . Zebrafish also express the α-tocopherol transfer protein, which facilitates hepatic α-tocopherol secretion into the circulation in humans (3) and likely facilitates α-tocopherol delivery from the yolk to the developing zebrafish embryo (4) . Importantly, when the α-tocopherol transfer protein (α-TTP) was knocked down in zebrafish embryos by 12-15 h post-fertilization the embryonic brain and eyes failed to form appropriately (4) , indicating that α-tocopherol is necessary for nervous system development. Further, during embryonic growth over 72 h both docosahexaenoic acid (DHA, 22:6) and arachidonic acid (AA, 20:4) decreased at faster rates in vitamin E-deficient compared with E-sufficient zebrafish embryos (5) . Moreover, adequate dietary ascorbic acid was necessary to prevent accelerated α-tocopherol deficiency and tissue damage (5) .
We hypothesized that the devastating effects of severe α-tocopherol deficiency in zebrafish embryos (4) are a result of depletion and alteration of critical brain lipids. Hypothetically, the brain, which is highly enriched in DHA yet cannot synthesize DHA to meet its needs (6) , is highly susceptible to lipid peroxidation in the α-tocopherol-deficient state. It has been recognized for decades in humans that vitamin E deficiency causes a progressive, spinocerebellar ataxia (7) . Moreover, Ulatowski et al (8) have shown that vitamin E is necessary for preservation of purkinje cells in brains from α-TTP knockout mice.
The specific lipids depleted during vitamin E deficiency, however, are not known.
The objective of this study is to elucidate molecular consequences of vitamin E deficiency on lipids in zebrafish brains. However, embryonic brains are too small for rigorous analysis; therefore, we used adult brains vitamin E-deficient compared with E-sufficient zebrafish to evaluate changes in lipid composition and abundance and applied a combination of targeted and untargeted methods to enable a comprehensive profiling of brain lipids to test this hypothesis. We chose zebrafish nearly 1 y of age because long-term vitamin E deficiency causes severe depletion of tissue α-tocopherol, resulting in behavioral and by guest, on December 22, 2017 www.jlr.org Downloaded from 4 physiological damage (5, 9) . It should be noted that the diets fed were adequate in ascorbic acid, but restricted in long chain PUFA. These year-old zebrafish are equivalent to middle aged (10, 11), but not elderly adult humans, eating a low vitamin E diet (12) . 
Materials and Methods

Materials
1-hexadecanoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (DHA-PC, PC 16:0/22:6) and 1,2-ditridecanoyl-sn-glycero-3-phosphocholine (DTD-PC, PC 13:0/13:0) were obtained from Avanti Polar Lipids Inc. (Alabaster, AL) and used without further purification.
Zebrafish housing and feeding
This study was performed in strict accordance with the recommendations in the Guide for the Care and Tropical 5D strain zebrafish were housed in the Sinnhuber Aquatic Research Laboratory. Adult zebrafish were kept under standard laboratory conditions at 28.5°C with a 14 h light/10 h dark cycle. For 9 months beginning at 50 days post-fertilization, zebrafish were fed defined diets, which contained only fatty acids shorter than 18 carbons with 2 or 3 double bonds (2, 5, 9) , were prepared in 300-g batches with the vitamin C source as StayC (500 mg/kg, Argent Chemical Laboratories Inc., Redmond, WA) without (E-) or with added vitamin E (E+, 500 mg RRR-α-tocopheryl acetate/kg diet, ADM, Decatur, IL), as described previously (5) . Diets were stored at -20°C until fed to the zebrafish.
Using high pressure liquid chromatography with electrochemical detection, α-tocopherol was measured in diets, brains, and the matching bodies (without brain), as described (13); vitamin C was measured in diet as described (14) . Measured α-tocopherol concentrations in the E-and E+ diets were 1.6 ± 0.1 and 334 ± 12 mg/kg, respectively; vitamin C was 143±16 mg ascorbic acid/kg. This level of dietary vitamin C has been found to be adequate for the zebrafish (5, 15) . 
Zebrafish tissue extraction and lipidomic analysis by MSMS ALL TM
For survey experiments using MSMS ALL TM , the head was removed just behind the eye from whole, frozen zebrafish (n=5/group). The heads were weighed, then homogenized in methanol:water (80:20, v/v).
Samples were extracted using a modified Bligh and Dyer solvent system (16); the final ratio was chloroform:methanol:water (2:2:1.8). Samples were mixed vigorously for 20 sec, and then centrifuged at 1000×g for 10 min, the top layer was removed by aspiration and discarded. The bottom layer was collected and evaporated under nitrogen, then stored at -80 o C less than 24 h until MSMS ALL TM analysis. A fully automatic workflow was developed using the infusion MS/MS ALL TM technique on the TripleTOF 5600 system with a flow injection sample introduction strategy. The MS/MS ALL TM infusion method (17) allowed automated collection of TOF MS and TOF MS/MS of all lipids, using a step-wise sampling of precursor ions selected at unit resolution (1 amu) in quadrupole (Q1), followed by fragmentation in Q2, and then product ions were detected simultaneously using TOF. The extracts were transferred to a new tube and were stored less than 24 h at -80 o C until analysis.
MS/MS
Liquid chromatography (LC) was carried out using a Shimadzu high pressure-LC system (Columbia, MD)
with LC elution conditions as described previously (18) . The system was coupled to an Applied Biosystems API 3000 triple quadrupole mass spectrometer with a TurboIon Spray source operated with both mass analyzers set at unit resolution in positive mode (LC-MS/MS, Applied Biosystems/MDS Sciex API 3000, Foster City, CA). Nebulizer, curtain, and collision (CAD) gas parameters were set at 8, 10, and 2 psi, respectively. Heater gas was supplied at 6 L/min at 425 ºC. All gases were high purity nitrogen supplied by a custom liquid nitrogen system (Polar Cryogenics, Portland, OR). The ionizing voltage was 5,000 V, and the declustering, focusing, entrance, and exit potentials were 50, 200, 10, 35, and 12 V, respectively.
Multiple reaction monitoring (MRM) was used to quantify PC 38:6, which was identified as 1-hexadecanoyl-2-docosahexaenoyl-sn-3-phosphocholine in brain extracts. Analytes were detected using MRM, which allowed for simultaneous quantification of specific isomers based upon unique transitions DHA-PC and DTD-PC eluted at 14.6 min and 11.2 min, respectively. Measurements of DHA-PC limit of detection (LOD) and limit of quantitation (LOQ) were assessed using the area ratio of DHA-PC to DTD-PC. The LOD and the LOQ were defined as the concentrations with a signal-to-noise (S/N) ratio of at least 3 and 10, respectively. The DHA-PC detection limit was 0.59 pmol/injection and the quantitation limit was 1.76 pmol/injection. The LC-MRM standard curves relating peak area ratios of DHA-PC/DTD-PC versus known authentic DHA-PC amounts (0.2 to 10 µg injected) were used to quantitate DHA-PC;
values are expressed per brain weight.
UPLC-TOF-MS/MS lipidomic analyses
The brain tissue extraction procedure for untargeted lipidomics was same as the extraction for DHA-PC, as described above. Brain weights were not significantly different between groups (E-2.3 ± 0.3 compared with E+ 2.2 ± 0.4 g). To identify lipid metabolites, LC was performed using a 1. Data were generated from the UPLC separation of the lipid extract of individual brains, TOF accurate mass detection, and MS/MS fragment characterization.
Data processing and statistical analyses
The data acquired during the Infusion MS/MS ALL TM and LC-MS/MS experiments were processed in batch mode using LipidView Software Ver 1.2 (AB SCIEX) for automated identification and quantitation of lipid species. The processed LipidView data files were imported into MarkerView software (AB SCIEX) for initial data processing, including feature detection, peak integration, principal component analysis (PCA), and discriminant analysis (DA).
Student's t-test comparisons were carried out between the two diet groups using MarkerView. Statistical significance was set at p< 0.05. To discover significant features with the greatest changes between the Eand E+ diet groups (n = 5/group), the resulting p-values (Student's t-tests) were plotted against fold change (log 10), calculated by MarkerView. Features with both the largest fold-changes and smallest pvalues were selected for identification.
For quantitative data from the LC-MS/MS experiments, statistical analyses of DHA-PC concentrations were performed using GraphPad Prism software (GraphPad, La Jolla, CA). Significance (p < 0.05) was determined using logarithmically transformed data by a one-way analysis of variance followed by a Tukey post-hoc test. To estimate overall significance of lysophospholipids (lysoPLs), the responses for each individual were summed and the sums compared using a t-test.
The data from UPLC-TOF-MS/MS lipidomic analyses were imported into PeakView software for relative quantification and lipid identification. Lipid species were confirmed by high resolution MS, MS/MS fragmentation, and isotopic distribution, and then compared using the PeakView database. Peak intensities were used for relative quantification between E+ and E-zebrafish brains and were corrected 
Results
Discovery of differentiating lipidomic metabolites and identification by MSMS ALL ™ analysis
We used an untargeted, shotgun lipidomics method consisting of the ordered acquisition of high resolution, accurate mass, time of flight (TOF) detection to identify several characteristic lipid species, including phosphatidylcholine (PC), lysophosphatidylcholine (LPC), phosphatidylethanolamine (PE), sphingomyelin (SM), phosphatidylglycerol (PG) and triacylglycerides (TG). Principal component analysis -discriminant analysis (PCA-DA) revealed significant differences between the lipid profiles of the extracts of E-and E+ zebrafish heads. The score plot provides a visual distribution of the features and degree of discrimination between the E-and E+ extracts (Fig. 1A) , while the loading plot shows a number of lipids that lead to sample clustering (Fig. 1B) . PC 38:6 was selected for further analysis because it both decreased in E-extracts (P < 0.05) and showed large fold-differences between the two groups (Fig. 1C) .
Brain DHA-PC (PC 16:0/22:6) and vitamin E concentrations
Brains were excised from individual fish; extracts were analyzed for PC 38:6, which was identified as 1-hexadecanoyl-2-docosahexaenoyl-sn-3-phosphocholine (DHA-PC ( Fig. 2A and B) ). Brain PC 38 (19) . DTD-PC, the internal standard, also showed the same fragment ion of m/z 184 ( Fig. 2A) . The fragment ion, m/z 790.5408 shows loss of a -CH 3 group from PC; the fragment ion, m/z 480.31882 is characteristic of 1-hexadecanoyl-sn-glycerophosphocholine (Fig. 2B) . Additionally, the fragment ion peaks at m/z 225.2329 and 327.2315 are the fatty acyls 16:0 and 22:6, respectively. Thus, we confirmed the identification of DHA-PC.
Quantitatively E-brains contained 30% less DHA-PC than did E+ brains (P<0.05, were 60 times lower than in E+ bodies without brains (137 ± 13 nmol/g; 2-way ANOVA: main effect of diet P<0.0001, main effect of body part P = 0.0014). α-Tocopherol concentrations in E-brains (3.4 ± 0.1 nmol/g) were higher than in the rest of the body (2.3 ± 0.3 nmol/g, P<0.05); as were α-tocopherol concentrations in E+ brains (234 ± 32 nmol/g) compared with E+ bodies without brains (137 ± 13 nmol/g,
<0.05, paired t-test).
Untargeted lipidomics identifies alterations in brain lipids
To further examine alterations in lipid distribution and relative abundances between E+ and E-zebrafish brains, we used an UPLC lipidomics technique ( Fig. 3A and B) . Four lipid classes including 13 lipid species with 155 specific lipids were identified (Fig. 3C) . Lipid classes were detected in both positive
lysophosphatidylethanolamine (LPE), and TG] and in negative ion modes [phosphatidylserine (PS) and lysophosphatidylserine (LPS), phosphatidylglycerol (PG), phosphatidylinositol (PI), and lysophosphatidylinositol (LPI)]
; PC and PE were detected in both modes. E+ zebrafish brains contained several lipids (PC, LPC, LPE, LPS, LPI and PS) at greater concentrations (p < 0.05) than in E-brains. PC 38:6 (16:0/22:6) was present at the highest intensities of any of the lipids that were significantly different between groups (Fig. 4) . Additionally, three PL containing both DHA and oleic acid (18:1) (PC 40:7, PE 40:7 and PS 40:7) were significantly different between the two groups (Fig. 4) .
To determine whether loss of PC 38:6 (16:0/22:6) in E-brains could be a result of lipid peroxidation, the relative abundances of oxidized-DHA-PC in the extracts were assessed (Fig. 5) . 1-hexadecanoyl-2- Remarkably, 19 lysoPLs were present at significantly higher concentrations in the E+ compared with Ebrains (Fig. 6) . These lysoPLs have been identified and confirmed using exact mass matching and MS/MS fragment patterns. Depending upon collision energy, a head group and/or one or more fatty acid chains were lost from the lipid molecules, which allowed us to identify the lipid class and fatty acid chains. PE generated the characteristic losses of 43 and 140 Da known to be associated with PE-head group losses; PS showed -87 and -184 Da loss. The lysoPL abundances varied with regard to fatty acid, but were uniformly higher in E+ brains. LysoPLs that were significantly higher in E+ and present at the highest abundances included LPC 16:0, LPC 22:6 and LPE 22:6 (top row, Fig. 6 ). There were several lysoPLs s with saturated fatty acids significantly higher in E+ compared with E-brains; these not only 
Discussion
Our discoveries in zebrafish show that low brain α-tocopherol concentrations are associated with a nearly 60% depletion of a total of 19 brain lysoPLs (combined P=0.0003). The wide variety of lysoPLs that are depleted suggests that the entire lysoPL population is affected. LysoPLs are needed for PL remodeling during membrane synthesis, repair, and replacement (20, 21) . Since rates of DHA synthesis in the brain are insufficient to meet brain DHA requirements (6, 22, 23) , it has been proposed that the brain acquires DHA as docosahexaenoyl-sn-glycero-3-phosphocholine (lyso-DHA-PC) (24) . Recently, a transporter from the major facilitator superfamily, MFSD2a, which has high specificity towards lyso-DHA-PC (25) , was shown to function as a DHA delivery mechanism facilitating brain docosahexaenoyl-sn-glycero-3-phospholipid (lyso-DHA-PL) uptake (25) . Additionally, the MFSD2a transporter is critical to maintain the blood brain barrier (26) .
These major effects of vitamin E status on brain lysoPLs are surprising because lysoPLs with both saturated and unsaturated fatty acids are depleted in the E-brains. Generally, PL have saturated fatty or monounsaturated acids located at the sn-1-acyl moiety and polyunsaturated fatty acids are located at the sn-2-acyl moiety; the latter are released by phospholipase A 2 (PLA 2 ) (27) . Hypothetically, an oxidized DHA would be released by this mechanism, generating a lysoPL with a saturated or monounsaturated fatty acid. This mechanism would explain a higher level of lysoPLs with saturated fatty acids in E-brains; however, we observed the opposite, lower levels in E-brains of all the lysoPLs that were different between the two groups. An alternative explanation is the involvement of PLA 1 enzymes releasing the sn- 
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(dl-α-T-acetate, 640 IU/kg diet) increased serum 1-docosahexaenoyl-sn-glycero-3-phosphocholine concentrations (30) . This finding of DHA specifically in the sn-1-position further supports our findings of decreases in LPC-DHA in E-adult zebrafish brains, and the role of lyso-DHA-PC, as the form DHA is transported from the liver to the brain (25).
DHA-PC was the lipid that showed the largest fold-differences between brains from E+ and E-zebrafish.
Independent quantitation of DHA-PC showed that it was 30% lower in E-brains. Moreover, hydroxy-DHA-PC was elevated (Fig. 5) . We have not identified whether the hydroxy-DHA was in the 1 or the 2 position because we lack authentic compounds; however, the high accuracy mass spectrometry data supports the identification of hydroxy-DHA-PC. Based on the relative responses of DHA-PC (16:0/22:6, Fig 4) and hydroxy-DHA-PC (Fig 5C) , hydroxy-DHA-PC is less than 0.2% of the DHA-PC.
Our findings suggest that increased lipid peroxidation due to inadequate α-tocopherol leads to the depletion of a highly abundant brain phospholipid, DHA-PC, as well as three other PL containing both . Previously, we identified a more rapid depletion of both DHA and AA from E-zebrafish embryos (5), but in these adult brains we found little evidence for AA depletion. This difference may be a result of the greater likelihood for oxidation of DHA (32). Alternatively, the brain may be able to synthesize sufficient AA, but not DHA, for its needs (33) . Additionally, 7-dehydrocholesterol a intermediate in cholesterol synthesis, is more highly oxidizable than either of these fatty acids, but using our lipidomics data we did not detect either 7-dehydrocholesterol or its oxidation product. It is likely that adult brain does not synthesize cholesterol extensively and therefore 7-dehydrocholesterol was not detectable.
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Neural membrane PL remodeling liberates both AA and DHA, which serve as precursors for lipid mediators and signaling molecules. For example, AA can be metabolized to inflammatory eicosanoids via cyclooxygenases to yield prostaglandins and thromboxanes or via lipoxygenases to yield leukotrienes (34) .
By contrast, DHA can be metabolized to the anti-inflammatory docosanoids via lipoxygenase enzymes to yield D-series resolvins and other neuroprotective compounds (e.g. neuroprotectin D1) (35) . Given the high brain DHA concentrations, as well as DHA's role in supporting neurological health across the lifespan (36, 37) , it is remarkable that PL-containing DHA, but not AA, were different between adult Eand E+ zebrafish brains. These results suggest that α-tocopherol is required within the nervous system to protect DHA and thereby maintain the brain's homeostatic balance between anti-inflammatory and inflammatory compounds. These results also show that there was not artefactual, non-specific lipid peroxidation of the E-samples.
We are pursuing vitamin E deficiency effects in development of zebrafish embryos. Notably, Huang et al (38) have published that PC38:6 is decreased in 24 and 48 h embryos compared with earlier time points.
These findings suggest that PC 38:6 is an important target to evaluate in the vitamin E deficient embryo.
We report herein that α-tocopherol deficiency depletes four DHA-containing PL and a 19 lysoPLs. A unique biological role has been proposed for vitamin E in membrane repair (39) . Potentially, the alterations in lysoPLs we observed in the E-brains are a result of a depletion of DHA-containing PL and increased requirements for DHA for PL synthesis and lysoPLs for remodeling for membrane repair (Fig   7) . Presumably, inadequate α-tocopherol concentrations allow lipid peroxidation to deplete not only brain DHA-PC, but DHA throughout the body, thereby limiting DHA delivery to the brain. Our data delineate that critical lipids are protected by α-tocopherol and suggest why α-tocopherol is needed as a vitamin. Data were generated from the UPLC separation of the lipid extracts of individual brains from E-and E+ fish, extracted as described in figure 2 . Lipid species were confirmed by high resolution MS, MS/MS fragmentation, and isotopic distribution, and then compared using the PeakView database; PeakView software was also used for relative quantification and lipid identification. Peak intensities were used for relative quantification between E+ and E-zebrafish brains. Shown are the individual values (E-, circles;
E+, squares; n=10/group) with the median indicated with a line. by guest, on December 22, 2017
